The objective of this study was to evaluate the effects of supplemental magnesium (Mg) on the performance of gilts and parity 3 sows and their piglets. Fifty-six gilts (Trial 1) and 56 sows (Trial 2) were assigned to one of 4 treatments according to their mating weight, respectively. The treatments comprised corn-soybean meal based gestation and lactation diets (0.21% magnesium) supplemented with 0, 0.015, 0.03, or 0.045% Mg from mating until weaning. The results showed that magnesium supplementation significantly (P < 0.05) reduced the weaning to estrus interval in both gilts and sows. There were significant effects (P < 0.05) of supplemental magnesium on the total number of piglets born, born alive and weaned in sows. In late gestation and lactation, the digestibility of crude fiber (quadratic effects, P < 0.05), and crude protein (P < 0.05), were significantly influenced by magnesium in gilts and sows, respectively. There were differences among the 4 groups in terms of the apparent digestibility of dry matter and crude fiber in sows (P < 0.05) during both early and late gestation. The apparent digestibility of gross energy was increased for sows in late gestation (P < 0.05), and lactation (quadratic effects, P < 0.05). At farrowing and weaning, serum prolactin levels and alkaline phosphate activities linearly increased in sows as the Mg supplementation increased (P < 0.05). Serum Mg of sows at farrowing and serum urea nitrogen of sows at weaning was significantly influenced by Mg supplementation (P < 0.05). The Mg concentration in sow colostrum and the serum of their piglets were increased by supplemental magnesium (P < 0.05). In addition, growth hormone levels were linearly elevated (P < 0.05) in the serum of piglets suckling sows. Our data demonstrated that supplemental magnesium has the potential to improve the reproduction performance of sows, and the suitable supplemental dose ranged from 0.015% to 0.03%.
Background
The reproductive performance of high producing sows has increased dramatically over the past decades [1] which may contribute to the changes in nutritional requirement of high producing sows [2] . In addition, confinement feeding of swine has resulted in the removal of nutrients and minerals from the soil to animals [3] .
It is an important cofactor of several enzymes involved in protein and energy metabolism which also is a constituent of bone (NRC, 1998) [4] . It is considered one of the essential macro-minerals for swine [5] . However, researchers generally thought that it was unnecessary to supplement magnesium in diets of sows [6] , since common cornsoybean meal diets can supply magnesium at levels 0.14 to 0.18% [7] , which at least are 3 times more than the NRC (1998) recommendation of magnesium for sows (0.04%) [4] .
The precise determination of Mg requirements of farm animals is necessary, depending on the stage of growth, performance and reproduction of the animals [8] . Magnesium supplementation improved the conception rate of sows by 11-15% and reduced the wean to service interval by 9 days. The improved conception rate may also have been influenced by Mg supplementation of boars used to service the sows [9] . However, studies on the relationship between magnesium and sows performance are scarce. The accurate effects of supplemental magnesium in sow diets on the performance are still unknown, especially the dose-effect relationship. Thus, this study was conducted to reveal the effects of magnesium supplementation in gestation and lactation diets on the performance of sows and gilts as well as their piglets.
Materials and methods

Ethics statement
The experimental protocol was approved by the Animal Care and Use Ethics Committee of China Agricultural University (Beijing, China).
Experimental design and animals
Fifty-six gilts (Trial 1) and 56 sows (Trial 2) were either assigned into one of 4 treatments according to mating weight. The treatments contained corn-soybean meal based gestation and lactation diets (0.21% magnesium). The basal diets were supplemented with 0, 0.015%, 0.03%, or 0.045% magnesium from mating until weaning. Magnesium, in the form of MgSO 4 •7H 2 O (17.4% Mg) was added at the expense of corn (Table 1) . Fourteen gilts (mean BW = 141 ± 5.7 kg) or sows (mean BW = 237 ± 8.8 kg) were fed each diet. All diets were fortified to meet or exceed the nutrient requirements recommended by the NRC (1998) [4] . The guidelines of the China Agricultural University Animal Care and Use Ethics Committee is referred to the Regulations of Laboratory Animal of China published in 1988 [10] .
Experimental procedures
Sows were individually housed in 2.20 m × 0.65 m gestation crates during the first 107 ± 1 d of gestation and were then moved to farrowing crates (2.2 m × 1.8 m) 7 d prior to farrowing. Gilts were offered 1.8 kg of gestation feed in 2 feedings per day from mating to d 84 of gestation and 2.5 kg of gestation feed in 2 feedings per day from d 85 of gestation until movement into lactation, while sows were offered 2 kg in 2 feedings per day from mating to d 84 of gestation and 3 kg feed per day in 2 feedings from d 85 of gestation to movement into lactation. After farrowing, gilts and sows were fed the lactation diets 3 times per day ad libitum and litters were standardized to 11 piglets by cross fostering within treatments during the first 48 h postpartum. Piglets were weaned at 28 d of age and had no access to creep feed. Sows and piglets were given free access to water throughout the experimental period. Ambient temperature in the gestation and farrowing rooms was maintained between 18-22°C.
The numbers and weights of individual pigs were recorded at birth and weaning. Only those pigs alive at first weighing were regarded as born alive. Defacation was observed to find out if magnesium had any effect on lowering the incidence of constipation. Blood samples were collected from ear vein of 7 gilts or 7 sows per treatment and from precaval vein of their piglets (4 males and 4 females per litter) 12 h after farrowing, also at 28-d weaning gilts and sows without fasting, and therefore the values reflect the dietary supply of nitrogen and amino acids, or the dietary imbalance of nitrogen and amino acids. Then the blood was put into heparinized tubes. Samples were centrifuged at 3,000 × g for 15 min at 4°C, and serum was stored at −20°C for assays of biochemical parameters. Gilts and sows serum urea nitrogen, reproductive hormone activities, as well as gilts, sows, and their piglets' serum calcium, magnesium concentrations and growth hormone activities were determined. Analysis of gilts and sows serum urea nitrogen concentration and hormone activities in the collected materials was performed using enzyme-linked immunosorbent assay (ELISA) according [11] while magnesium levels were tested using the method suggested by Miller et al. [12] .
Chromic oxide (0.20%) was supplemented to each of diets as an inert marker for a period of 7 d before fecal collection to determine apparent nutrient digestibility. Fresh feces samples were collected by rectal massage on d 45 to 48 and d 95 to 98 of gestation as well as d 18-22 of lactation. Feces were immediately stored at −20°C until analysis. Samples were thawed, dried and mixed uniformly within each sow and sub-samples were finely ground through a 1 mm sieve for chemical analysis. Apparent total tract digestibility (ATTD) was calculated and the indigestible marker method using the following formula:
Where N F and N D represent the nutrient concentration (%) in feces and diet dry matter respectively, and Cr D and Cr F represent the chromium concentrations (%) in diet and fecal dry matter respectively.
Samples of diets and feces were analyzed for gross energy using bomb calorimetry (Parr Instruments, Moline, IL; AOAC, 2005) [11] . All feces and experimental diets were analyzed for dry matter (AOAC method 930.15, 2000) [13] , crude protein (AOAC method 990.03, 2000) [13] , ether extract (Thiex et al., 2003) [14] , crude fiber (AOAC method 978.10, 2000) [13] , ash (AOAC method 942.05, 2000) [13] , calcium (AOAC method 927.02, 2000) [13] and total phosphorous (AOAC method 965.17, 2000) [13] .
Statistical analysis
All experimental data (n = 16) were statistically evaluated by one-way ANOVA using the GLM procedure of SAS (SAS 8.01 Institute, Cary, NC). In addition, polynomial contrasts were made to determine the linear and quadratic effects of magnesium supplementation on the various parameters measured. P < 0.05 was considered as significantly.
Results
Performance
As shown in Table 2 , magnesium supplementation significantly reduced the weaning to estrus interval in gilts (linear and quadratic effect P < 0.05). However, the total number of piglets born and born alive, the number of piglets weaned, birth weight, and weaning weight were unaffected by magnesium supplementation for gilts (P > 0.05). These results agreed with a previous report which revealed that supplemental magnesium did not influence the number or weight of pigs at birth or weaning in gilts [6] .
In contrast, there were significant differences among the treatments in terms of sow performance (Table 3) . Supplemental magnesium significantly increased the total number of piglets born, born alive, and weaned (P < 0.05). The increase was particularly evident for sows fed 0.015 and 0.03% magnesium (quadratic effect, P < 0.05). In addition, the weaning to estrus interval was shortened (quadratic effect, P < 0.05) for these treatments. Katalin et al. also indicated that magnesium supplementation improved reproduction performance (conception rate and litter size) and shortened the weaning to service interval of sows fed magnesium supplemented diets from farrowing to subsequent mating [15] .
Apparent total tract digestibility
The effects of magnesium on the apparent total tract digestibility (ATTD) of various chemical constituents in Constipation rate (%) was defined as numbers of pigs on a treatment with constipation/(total number of pigs × 28d) × 100%.
gilts and sows were shown in Tables 4 and 5 . For gilts, the ATTD of crude protein and crude fiber were quadratically (P < 0.05) affected by magnesium level in late gestation, and meanwhile the ATTD of crude fiber was quadratically (P < 0.05) affected by magnesium level in lactation (Table 4) . In each case, the ATTD of gilts fed with 0.015 or 0.03% magnesium were higher than those for gilts fed with 0.0 and 0.045% magnesium. The ATTD of gross energy was linearly (P < 0.05) increased by supplemental magnesium in late gestation. There was no effect of magnesium level on the ATTD of any nutrient during early gestation (P < 0.05) For sows during early gestation, the ATTD of dry matter and crude fiber, was linearly and quadratically affected (P < 0.05) by magnesium supplementation ( Table 5 ). The ATTD of sows fed the 0.015, 0.03, and 0.045% magnesium treatments were higher than those for sows fed the 0.0 magnesium treatments.
In late gestation, the ATTD of dry matter, gross energy, crude protein, and crude fiber were linearly and Constipation rate (%) was defined as numbers of pigs on a treatment with constipation/(total number of pigs × 28d) × 100%. Digestibility was determined using chromium oxide as marker. Digestibility was determined using chromium oxide as marker. quadratically affected (P < 0.05) by magnesium supplementation. The ATTD of crude protein (linear and quadratic effects, P < 0.05), and gross energy (quadratic effects, P < 0.05) were also affected by supplemental magnesium in lactation. However, there was no significant (P > 0.05) difference in terms of crude fiber in lactation. Further research is needed to clarify the role of magnesium in influencing digestibility in gilts and sows.
Serum parameters
Magnesium level had no effect on the serum levels of magnesium in gilts at either farrowing or weaning (Tables 6) .
However, the serum levels of magnesium in farrowing sows, was significantly affected (P < 0.05) by magnesium supplementation (Tables 7) . Magnesium level had no effect on the serum levels of calcium in gilts or sows at farrowing or weaning (Tables 6 and 7) . Serum prolactin concentrations and alkaline phosphate activities were linearly increased (P < 0.05) by increasing the dietary magnesium level in sows but not gilts at both farrowing and weaning (Table 7) .
Calcium, magnesium, and growth hormone levels in colostrums, milk and piglet serum Levels of calcium, magnesium, and growth hormone in gilt and sow milk and piglet serum were presented in Tables 8 and 9 , respectively. Magnesium supplementation had no significant effect on magnesium and calcium concentration in colostrum and milk in gilt and progeny serum. Growth hormone was unaffected as well.
With increasing magnesium levels in sow lactation diets, the concentration of magnesium in colostrum was increased (linear and quadratic effect, P < 0.05). Serum magnesium concentration in the serum of piglets suckling sows were also increased by increased levels of dietary magnesium (linear and quadratic effect, P < 0.05). In addition, growth hormone levels were linearly increased in nursing progeny from sows or gilts supplemented with Mg.
Discussion
The reproductive performance of high producing sows has increased dramatically in the past decade [1] and it is possible that the nutritional requirement of high producing sows has been altered [2] . Our results indicated that the sows appeared to respond to supplemental magnesium. It is well known that body stores of minerals become increasingly depleted in high producing sows with advancing parity [16] . Therefore, it is possible that magnesium body storage declines as the sow ages, which may increase the sow's reliance on magnesium provided in diets. Another possible explanation for the improved reproductive performance of sows supplemented with magnesium may be related to a reduced incidence of constipation. Treatments of magnesium had lower incidence of constipation than the control group. Constipation has been shown to negatively affect the reproductive performance of sows [17] and magnesium sulfate has been successfully used as a laxative to prevent constipation in gestating and lactating sows [18] . Although it is well known that the lowest dietary level of Mg was 3.5 fold higher than NRC (2012) and 5 fold higher than NRC (1998), our data demonstrated that supplemental magnesium has the potential to improve the reproduction performance of sows, and the suitable supplemental dose ranged from 0.015% to 0.03%. Further researches will reveal the actual requirements.
Magnesium was an important cofactor of several enzymes involved in protein and energy metabolism and was involved in many biochemical processes including activation of phosphates and participation in carbohydrate metabolism [15] . Where positive effects of magnesium supplementation on ATTD were observed, it is likely that the improvements were mediated by some effect of magnesium on the activity of some of these enzymes. Further investigation will be conducted to analyze what kinds of enzymes are mediated by adding magnesium. Apart from this, effect of Mg supplementation on rate of passage and water/electrolyte balance should also be considered in the following research.
Previous reports on the effects of dietary magnesium levels on serum magnesium levels in swine are inconsistent. Harmon et al. [6] reported that an increase in dietary magnesium increased serum magnesium levels in weaned pigs [6] . However, Svajgr et al. reported that supplemental magnesium had a negative influence on serum magnesium levels in growing and finishing pigs [7] . Nuoranne et al. concluded that serum magnesium is not a reliable index of body magnesium status [19] . Excess magnesium antagonizes calcium leading to a greater excretion and lower absorption of calcium [20] . Therefore, it was expected that serum calcium levels would be reduced by magnesium supplementation. However, in agreement with the results of the current study, Harmon et al. reported that serum calcium levels were not influenced by dietary magnesium level [6] . It is well known that the main function of prolactin is to induce the mammary gland to produce milk [21] . The more milk, the faster the growth of piglets [22] , which might be the reason that litter weight gain was increased by magnesium supplementation in diets fed to sows. Additionally, with increasing magnesium levels in sow lactation diets, the concentration of magnesium in colostrum was increased, as well as serum magnesium concentration in the serum of piglets suckling sows. Growth hormone levels were linearly increased in nursing progeny from sows or gilts supplemented with Mg. On the other hand, our data indicated that 0.015% Mg supplementation had a higher litter gain than the control and the other treatments (0.03 or 0.045%), although there was a statistical increase in mean piglet weight at birth between treatments (0.03 or 0.045%) and the control. Therefore, this increase in serum growth hormone levels may only partially explain the increase in litter weight gain for piglets suckling sows fed supplemental magnesium, and the dose-effect relationship between the Mg supplementation and litter gain were not linear. Further researches are needed to perform to reveal the potential mechanism.
Conclusion
In conclusion, our data indicated that increased oral administration with magnesium could reduce the weaning to estrus interval in both gilts and sows. In addition, magnesium supplementation improved other reproductive parameters of sows, but not gilts. Supplemental Mg ranging from 0.015% to 0.03% was suitable for high producing sows. The effect appeared to be age related which may be due to depleted body stores of minerals in high producing sows as they age [16] . Therefore, it is possible that as the sow ages, magnesium stores in the body decline, increasing the sow's reliance on the diet to provide magnesium.
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